The antiadaptor protein IraD inhibits the proteolysis of the alternative sigma factor, RpoS, which promotes the synthesis of >100 genes during the general stress response and during stationary phase. Our previous results showed that IraD determines RpoS steady-state levels during exponential growth and mediates its stabilization after DNA damage. In this study, we show by promoter fusions that iraD was upregulated during the transition from exponential growth to stationary phase. The levels of RpoS likewise rose during this transition in a partially IraD-dependent manner. The expression of iraD was under the control of ppGpp. The expression of iraD required RelA and SpoT (p)ppGpp synthetase activities and was dramatically induced by a "stringent" allele of RNA polymerase, culminating in elevated levels of RpoS. Surprisingly, DksA, normally required for transcriptional effects of the stringent response, repressed iraD expression, suggesting that DksA can exert regulatory effects independent of and opposing those of (p)ppGpp. Northern blot analysis and 5 rapid amplification of cDNA ends revealed two transcripts for iraD in wild-type strains; the smaller was regulated positively by RelA during growth; the larger transcript was induced specifically upon transition to stationary phase and was RelA SpoT dependent. A reporter fusion to the distal promoter indicated that it accounts for growth-phase regulation and DNA damage inducibility. DNA damage inducibility occurred in strains unable to synthesize (p)ppGpp, indicating an additional mode of regulation. Our results suggest that the induction of RpoS during transition to stationary phase and by (p)ppGpp occurs at least partially through IraD.
Bacteria such as Escherichia coli control gene expression in response to environmental signals. One component of this control is the use of alternative sigma factors that change promoter recognition by RNA polymerase and therefore the repertoire of expressed genes. The transcription factor S , or RpoS, controls the synthesis of more than 100 genes, many of which are induced during the stationary phase of growth (15, 16, 24, 33, 45) . RpoS levels respond sensitively to growth rate (42) and S accumulates during the transition from proliferative growth to quiescence (17, 26, 41) . Even during exponential growth, S controls gene expression in response to a wide variety of environmental insults, comprising the so-called "general stress response" (reviewed in references 19, 21, and 27) .
RpoS is regulated at every conceivable level: transcriptional, translational, protein stability, and activity (reviewed in references 20 and 23) , and the integration of signals that impinge on RpoS is complex. Posttranslational control appears to underlie much of the regulation of S in response to stress during growth. During cell proliferation, S is synthesized but rapidly degraded, with a half-life of 2 to 3 min, but RpoS becomes stabilized upon entry into stationary phase (26, 40) . The ClpXP protease degrades RpoS but does not directly recognize the protein; degradation requires the adaptor molecule RssB (5, 30, 31, 38, 47) , which binds RpoS directly (48) . RssB levels are limiting in the cell (39) and can be titrated by increased RpoS synthesis. RssB is a two-component response regulator protein, but the consequence of phosphorylation of the aspartate in the predicted receiver domain (8) on RpoS stability is negligible (36) .
In the presence of stress such as starvation or DNA damage, RpoS levels are induced by the synthesis of specific small antiadaptor molecules that bind RssB and prevent its action as an adaptor for RpoS proteolysis. The first of these to be discovered, IraP, is induced by phosphate starvation (11) ; IraD, the subject of the present study, is induced by DNA damage (9, 29) ; IraM is induced by magnesium starvation (9) . Accumulation of any of these proteins leads to RpoS stabilization in vivo and protection from proteolysis in vitro (9, 11) . The antiadaptor mechanism therefore allows the induction of situationspecific factors that can rapidly and transiently affect RpoS levels.
The induction of the S regulon has been correlated with a second signal, the production of (p)ppGpp during the stringent response (reviewed in references 13 and 37). Levels of ppGpp (the more predominant of the two signaling molecules) and RpoS rise dramatically at the late exponential phase of growth (13, 17, 26, 41) . (p)ppGpp is synthesized by two enzymes: RelA and SpoT (46) . SpoT has dual functions and possesses the only known ppGpp hydrolase activity, regulated apart from its synthetase function (22, 32) .
The best-studied (p)ppGpp response is the RelA-dependent stringent response to amino acid starvation mediated through effects of ppGpp on RNA polymerase activity. In the presence of uncharged tRNA, RelA is activated to synthesize (p)ppGpp (7) . RNA polymerase bound by ppGpp has altered properties with respect to open complex formation, resulting in downregulation of stable RNA synthesis and upregulation of certain biosynthetic operons. At rRNA promoters such as the wellstudied rrnB P1 promoter, ppGpp disfavors initiation by preventing stable open complex formation (3, 4) . Upregulation of biosynthetic promoters may be indirect, by reallocation of RNAP newly freed from stable RNA synthesis, but ppGpp can also directly activate transcription in vitro, in the presence of the small transcription factor DksA (35) . In vivo, DksA is required for the full effect of (p)ppGpp on both negatively and positively regulated promoters (34, 35) . However, DksA has effects on phenotypes such as adhesion, motility and chemotaxis in relA spoT double mutant strains [so-called "(p)ppGpp 0" strains] unable to synthesize (p)ppGpp (1, 28) , suggesting that DksA can function independently of (p)ppGpp. Microarray and fusion experiments indicated that DksA and (p)ppGpp have opposing effects on a subset of genes primarily involved in fimbriae regulation, chemotaxis and motility (1, 2) .
The connection between the stringent response and RpoS is complex. (p)ppGpp has been implicated in transcriptional (25) , translational (12) , and posttranslational (10) control of RpoS. Perhaps by a combination of these mechanisms, RpoS accumulates during the transition from exponential growth to stationary phase, and this is greatly diminished in (p)ppGpp 0 strains (17) . Artificial induction of high levels of (p)ppGpp leads to elevated RpoS in the cell (12, 17) . At least one level of control impinges on the antiadaptor mechanism of RpoS regulation: induction of iraP during phosphate starvation and stabilization of RpoS requires ppGpp synthesis capacity (10) .
In the present study we examine the effects of the stringent response on the IraD antiadaptor. We identified iraD in a mutant screen for sensitivity to a variety of DNA damaging agents (29) . In the presence of DNA damage such as oxidative stress or the replication inhibitor, azidothymidine (AZT), SOSindependent induction of iraD leads to RpoS stabilization (29) . Like IraP, IraD directly binds RssB and prevents proteolysis of RpoS by ClpXP (9) . Unlike IraP, which has effects only on RpoS after starvation, IraD appears to promote higher steadystate levels of RpoS, even in the absence of stress (29) . We show here that iraD is growth phase regulated and that (p)ppGpp accumulation is necessary for full iraD induction during the transition to stationary phase. In strains containing "stringent" alleles of RNA polymerase that mimic the transcriptional effects after (p)ppGpp accumulation (49) , iraD is constitutively induced. In such strains, RpoS levels are also induced, in a partially IraD-dependent manner, suggesting that IraD is a critical regulator of RpoS under conditions when ppGpp accumulates, such as during the stringent response and during transition to stationary phase.
MATERIALS AND METHODS
Strains, growth conditions. All strains used in the present study are listed in Table 1 and are isogenic with MG1655 (F Ϫ rph-1) (6). Cultures were grown at 37°C in Luria-Bertani (LB) medium supplemented with appropriate antibiotics kanamycin (20 g/ml), chloramphenicol (15 g/ml), ampicillin (100 g/ml), and/or tetracycline (10 g/ml). Strains were constructed by P1 transductions and phage lysates grown in LCG (LB medium supplemented with 1% glucose and 2 mM calcium chloride). Strain 13119 [btuB::Tn10 spoT(E219Q)] was constructed with P1 donor CF11608 (provided by D. Jin [18] ) crossed with MG1655, selecting tetracycline resistance; the presence of the spoT allele was confirmed by PCR, followed by sequence analysis. relA⌬::FRT and dksA⌬::FRT cat were both constructed by PCR amplification of the cat gene from pKD4 with Taq DNA polymerase, using primers carrying 40-nucleotide (nt) homology to the open reading frame (ORF) of each gene as described previously (14) . After purification and DpnI digestion of the PCR fragment, it was transformed into MG1655 harboring recombination facilitator plasmid pKD46, selecting chloramphenicol resistance. pKD46 was subsequently cured by growth at 42°C.
Plasmid constructions. Plasmid iraD::luxCDABE (29) was constructed as previously described. Plasmids P1-iraD 600/375 ::luxCDABE and P2-iraD 262/1 ::luxCDABE were constructed from the primer pairs 5Ј-GGG GAC AAG TTT GTA CAA AAA AGC AGG CTT CGA AGG AGA TAG AAC CGT AAA CAA ATG ACA TGC ATG TTT CT-3Ј/5Ј-GGG GAC CAC TTT GTA CAA GAA AGC TGG GTC AAT TGA TAA CAT ATC AAA TAC ATC AAA AAT-3Ј and 5Ј-GGG GAC AAG TTT GTA CAA AAA AGC AGG CTT CGA AGG AGA TAG AAC CCT ATT CGG AAT ATT CAG AAT ATA CTA GCG G-3Ј/5Ј-GGG GAC CAC TTT GTA CAA GAA AGC TGG GTC TTT GCG CAC TCC TGA CGT TTA GCA A-3Ј, respectively, as previously described (29) .
Transcriptional start site (TSS) mapping. The 5Ј ends of iraD mRNA were mapped by using 5Ј RACE (rapid amplification of cDNA ends) as previously described (43) with the following modifications. cDNA was prepared by incubation of 2 g of total RNA (isolated as described below) with 200 U of Moloney murine leukemia virus reverse transcriptase (NEB), 2 mM deoxynucleoside triphosphate, 40 M iraD ORF specific primer (5Ј-TTA GCT GAC ATT CTC CAG CGT CGC ACT GCG-3Ј), and 1ϫ Moloney murine leukemia virus RT buffer at 42°C for 1 h, followed by treatment with 10 g of RNase A (Sigma)/ml and 5 U of RNase H (NEB) at 37°C for 30 min. cDNA was purified by using a QIAquick PCR purification kit (Qiagen). After ligation of cDNA with an anchor oligonucleotide (5Ј-TTT AGT GAG GGT TAA TAA GCG GCC GCG TCG TGA CTG GGA GCG C-3Ј), touchdown PCR was performed by using 1 U of Phusion polymerase (Finnzyme), 12 ng of purified anchored-cDNA, 0.5 M anchor, and iraD ORF specific primers (5Ј-CTC CCA GTC ACG ACG CGG CCG C-3Ј and 5Ј-CAA ACG TTA GCG GTT CAT CG-3Ј). The PCR cycling conditions were as follows: 98°C for 3 min (1 cycle); 98°C for 30 s to 72°C (at 1°C/cycle) for 1 min (15 cycles); 72°C for 1.5 min (1 cycle); 98°C for 30 s, 58°C for 1 min, and 72°C for 1.5 min (20 cycles); 72°C for 5 min (1 cycle); followed finally by holding at 4°C. PCR products were resolved on 1.5% agarose gels and bands were excised by using a QIAEX II gel extraction kit (Qiagen) and sequenced using the iraD ORF and anchor-specific primers (5Ј-TTC TTT CAA ATT AAC CTG CAA CGC C-3Ј and 5Ј-TAA AAA GAG TGA GGA GAT CGC-3Ј, respectively).
RpoS levels and stability experiments. RpoS steady-state levels during growth were determined by Western blot analysis (29) from cultures harvested at the indicated phase of growth. The stability of RpoS was determined after the addition of chloramphenicol (200 g/ml) to exponential-phase LB cultures harvested at the time points indicated. Protein was precipitated after a 30-min incubation on ice in 20% ice-cold trichloroacetic acid (TCA), and the pellet was resuspended in sodium dodecyl sulfate buffer. RpoS Western blots were performed as described previously (29) .
Lux reporter assays. Luciferase reporter assays were performed as described previously (29, 44) . For expression measurements throughout growth, cultures were inoculated and grown overnight at 37°C in LB medium containing only ampicillin (100 g/ml). After a 14-h incubation period, 25 ml of the same medium in the absence of antibiotics was inoculated with cells to an optical density at 600 nm (OD 600 ) of 0.05. Time points (OD 600 and counts per minute) were determined every 20 min after a 90-min initial incubation. All cultures were grown with aeration throughout the time course, and time points were taken at 37°C without the introduction of variability in temperature. In AZT induction experiments, cultures were grown as described above and treated with 1 g of AZT/ml for 40 min before measurements were taken. For rpoB* experiments, time points were taken every 30 min after an initial 90-min incubation in 40 ml of LB medium. Luminescence from strains containing the reporter vector (with no inserted promoter region) was measured and did not significantly contribute to the reported data. RNA purification and Northern blot analysis. Cells were grown in LB as described above, and samples for exponential phase were taken at an optical density of 0.7 (Ϯ 0.1) and for stationary phase at 1.6 (Ϯ 0.1). RNA was isolated by using the RiboPure -Bacteria kit from Ambion according to the manufacturer's instructions. Concentrations of RNA samples were determined by measuring the OD 260 . Analysis of iraD mRNA by Northern blots was performed with 7.5 g of total RNA per sample, loaded equally on a 1% agarose-formaldehyde denaturing gel, and ran in MOPS buffer. Samples were transferred onto a positively charged membrane (Amersham Hybond Nϩ), cross-linked by using UV, and transcripts were detected by using a specific, 400-nt DNA probe complementary to iraD's ORF in ExpressHyb Hybridization Solution (Clontech). RNA integrity and equal loading of each sample lane was monitored via methylene blue staining of the membranes prior to hybridization. The iraD specific probe was constructed from the PCR product generated by a forward primer (5Ј-CAA TCA CTT CAG GCT GTT TTA CC-3Ј) and a reverse primer (5Ј-TTA GCT GAC ATT CTC CAG CGT CGC ACT GCG-3Ј). The PCR product was labeled according to manufacturer's instructions using ATP-␣P 32 and the Prime-It II Random Primer Labeling Kit (Stratagene). The sizes of the apparent iraD transcripts were estimated by using RNA Century-Plus Markers (Ambion). The graphs below the Northern blots show quantification of each transcript in that condition relative to 16S rRNA as quantitated by phosphorImage analysis (GE Storm 860, with ImageQuant TL software), in the strain indicated. The standard deviation in the quantifications (shown with error bars) was determined by the product of the number of pixels and standard deviation of the pixel intensity as calculated by Adobe Photoshop.
RESULTS
Two TSSs for iraD. To define the promoters responsible for iraD expression, we performed 5Ј RACE followed by sequence analysis of the resulting PCR product, both during exponential growth and during stationary phase (Fig. 1A) . Sequence analysis of DNA generated from cells in exponential and/or stationary phase revealed two mRNA start sites; one at Ϫ417 (referred to as P1) and a second at Ϫ137 (referred to as P2), relative to the ATG start codon of the iraD ORF (Fig. 1A) . A reasonable match to Ϫ10 and Ϫ35 consensus promoter sequences were found immediately upstream of both start sites (Fig. 1B) . Interestingly, the ϳ800-nt transcript generated from the distal promoter (P1) was present during entry into stationary phase but not in exponential phase, whereas the ϳ500-nt transcript generated from the proximal promoter (P2) is present at both growth phases. There is no known protein coding region in this upstream region of iraD; the largest predicted ORF could encode a 47-amino-acid peptide.
iraD expression is growth phase dependent. We examined iraD expression indirectly through fusion of 600 nt of its upstream intergenic region, including both promoter regions, to a luciferase operon reporter (29, 44) (iraD::luxCDABE) in a simple growth experiment. As apparent in Fig. 1C , iraD was expressed very highly in late exponential phase of growth, as determined from the optical density of the culture over time, and maintained at high levels during stationary phase. Expression reached a minimum as cells entered the middle exponential phase of growth.
The two iraD promoter regions show differences in their expression pattern. To dissect the contribution of each promoter site to the expression pattern of the full-length promoter fusion construct, we constructed two new luciferase reporters containing either the distal P1 or the proximal P2 TSSs. In a growth experiment, we found that the reporter fused to the region containing the distal P1 (spanning Ϫ600 to Ϫ375 relative to the start of the ORF) behaved similarly to the fulllength promoter construct with a strong induction during the transition to stationary phase, although the expression levels were somewhat higher in exponential growth than the fulllength promoter fusion. The reporter construct containing P2 (spanning Ϫ262 to Ϫ1 relative to the start of ORF) did not behave like the full-length fusion reporter, and showed expression levels that were low and steady (Fig. 1C) , equivalent to that for the full-length fusion at its lowest point. These results suggest that the full-length promoter fusion construct may report the sum of both transcripts during exponential growth, with P1 predominating during the late stages of growth.
RpoS levels during normal growth are determined by IraD. Previously, we showed that IraD is involved in regulating RpoS stability in response to DNA damage (29) . Based on the expression pattern of iraD, here we sought to determine whether IraD is involved in regulating RpoS levels in the late logarithmic phase of growth. Western blot analysis showed that RpoS levels begin to rise during the transition from exponential growth to stationary phase (Fig. 1D) as has been reported previously (12, 17) . In mutants deficient in IraD, steady-state levels of RpoS were reduced by ca. 60% at mid to late exponential phase during growth, suggesting that IraD is an important factor promoting accumulation of RpoS as cells begin to enter stationary phase. Although at a much lower level, RpoS still accumulates in a similar time frame as in a wild-type background in the iraD mutant, indicating there are yet other factors influencing the timing of its accumulation.
iraD expression is positively influenced by both RelA and SpoT. Because (p)ppGpp levels rise dramatically as cells enter the late exponential phase of growth, we examined the impact of the known (p)ppGpp synthetases on the expression of iraD. Using the iraD::lux reporter constructs, we looked at the expression profile of iraD in either a relA deletion mutant or in spoT(E319Q), a mutant specifically defective for (p)ppGpp synthetase activity (18) . (We were unable to look at a spoT-null mutant since the ppGpp hydrolase activity of the protein is essential for survival for strains that can produce (p)ppGpp). We found that the expression of the gene was reduced in both the relA and spoT(E319Q) mutants strains throughout fast growth in the mid-exponential phase ( Fig. 2A) , although induction in late exponential phase was still evident. After overnight growth into the stationary phase, both mutants seemed to reach wild-type levels of iraD expression, suggesting that either iraD expression is independent of (p)ppGpp altogether during this time or that one of the two enzymes can compensate for the absence of the other (Table 2) . Supporting the latter notion, a relA spoT double-knockout mutant resulted in even lower levels of expression from the iraD::luxCDABE reporter compared to that of either single knockout in early exponential phase (Fig. 2B) and in stationary phase, culminating in fivefold lower levels than in wild-type strains and single relA or spoT(E319E) mutants (Table 2) . A fusion of the recA promoter to the same luciferase construct did not show any difference in expression in these (p)ppGpp-deficient backgrounds, suggesting that this is a specific effect on iraD and not the technique or the reporter fusion (data not shown). These results suggest that ppGpp production is one factor required for full induction of iraD expression during the transition to stationary phase of growth. We note, however, that in the absence of (p)ppGpp production, iraD induction does indeed occur as cells enter TSSs are indicated with their positions relative to the 5Ј end of the iraD ORF, and putative Ϫ10 and Ϫ35 elements are indicated for each. The distal promoter is labeled as P1, and the proximal promoter is labeled as P2. (C) iraD::luxCDABE expression for the full-length promoter, the distal promoter P1, and the proximal promoter P2 throughout growth. Full-length reporter is a fusion of positions Ϫ600 to Ϫ1, the P1 reporter is a fusion of positions Ϫ600 to Ϫ375, and the P2 reporter is a fusion of positions Ϫ262 to Ϫ1 to luciferase (numbers are relative to the start of ORF-ATG). Each data point is an average of six independent determinations. The variability is shown with error bars in both graphs. RLU, relative luminescence units (bioluminescence counts per minute, normalized to the OD 600 ). The right panel shows the growth curve of wild-type cells in the experimental conditions used in the present study. The ODs are shown for time points of 20 min, starting at 90 min after the inoculation of each culture. (D) Steady-state RpoS levels in MG1655 and ⌬iraD strains throughout growth. Samples were taken at ODs indicated, and TCA-precipitated as described in the methods section.
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on September 12, 2017 by guest http://jb.asm.org/ stationary phase, indicating an additional mode of growth regulation. This is quite similar to that observed for RpoS itself: in (p)ppGpp 0 strains, RpoS accumulation is delayed and modestly reduced, but not abolished, during the transition to stationary phase (12, 17) .
To determine stringent regulation at each of the two promoter regions of iraD, we introduced the reporter constructs containing either the P1 or the P2 promoter regions into the various mutant backgrounds, and assayed their expression throughout growth. The luciferase reporter constructs showed that the distal segment of the iraD upstream region containing the P1 start site was positively regulated by (p)ppGpp, and showed lower expression in the late logarithmic phase of growth in the relA mutant and in the relA spoT double-mutant backgrounds (Fig. 2C ). In the spoT(E319Q) mutant, expression from the reporter construct spanning P1 was somewhat lower in late logarithmic phase (OD 600 ϭ 1.0) but not at later times (OD 600 Ն 1.5) (Fig. 2C) . In contrast, the reporter construct spanning P2 showed no significant change when it was introduced into the relA or spoT mutant backgrounds (Fig. 2D ). Both iraD transcripts are positively influenced by (p)ppGpp, in a growth phase dependent manner. We examined the (p)ppGpp regulation of iraD expression by Northern blot analysis. We were able to detect two transcripts, corresponding in length to those derived from promoter regions P1 and P2 through the iraD coding region. The longer transcript, presumably from distal promoter P1, was only detected in stationary phase cells. In agreement with the luciferase reporter assays, Northern blot analysis of the iraD transcripts showed positive regulation by (p)ppGpp. However, in contrast to the reporter assays, the Northern blot data revealed potential regulation by (p)ppGpp on the proximal promoter P2, in addition to the distal promoter P1. In exponential phase, levels of the 500-nt transcript were reduced dramatically by a mutation in relA, but less so by the spoT(E319Q) allele (Fig. 3) ; levels in the relA spoT double mutant were somewhat lower than relA alone. However, in stationary phase, the 500-nt transcript was not diminished, even in the relA spoT background. The larger stationary phase-specific transcript was virtually absent in the relA spoT double mutant (Fig. 3) , although not significantly diminished by either relA or spoT(E319Q) alone.
RNA levels in Northern blot analysis confirmed the regulation of iraD transcripts by (p)ppGpp as apparent from the luciferase reporter assays, but indicated some discrepancies between the two that indicate a potentially more complex pattern of regulation. In particular, high levels of the smaller transcript did not correspond with high expression with the luciferase fusion. Whereas both small and large transcripts were almost equally abundant in stationary phase, expression from the fusion constructs appeared to be driven exclusively by the distal P1 promoter during stationary phase. The discrepancy between the two techniques may be due to postinitiation regulation of the transcripts, reflected in the reporter data but not at the level of iraD mRNA; alternatively, the reporter operon may be more sensitive to initiation or elongation effects specific to P2. Interestingly, each of the two transcripts had differential regulation with growth phase and responded to regulators of (p)ppGpp levels, although in different ways. DksA is a negative regulator of iraD transcription. DksA is a small protein that binds RNA polymerase and alters open complex formation on (p)ppGpp-regulated genes (34, 35) . In vivo, DksA is required for the induction or repression of genes during the stringent response to amino acid starvation. We investigated a possible role for DksA in regulation of iraD by first examining expression of the full-length fusion of the upstream region (iraD::luxCDABE) in a dksA-null mutant. Surprisingly, the expression of iraD::luxCDABE was enhanced between 10 to 100-fold, depending on the growth phase of the cells, suggesting that DksA acts as a repressor of iraD expression (Fig. 4A) . Overexpression of DksA from a high copy plasmid (data not shown), led to lower levels of iraD::lux CDABE expression, even in relA spoT strains, confirming a negative role of DksA on IraD expression.
Examination of iraD mRNA by Northern blots confirmed a repressive effect of DksA. In exponential phase, the 500-nt transcript was in greater abundance in the dksA mutant strain (Fig. 4D) . In stationary phase, the level of the larger 800-nt transcript was likewise higher in the dksA mutant.
A stringent RNA polymerase highly induces iraD expression. To confirm the effect of the stringent response on iraD, we used a mutated version of RNA polymerase that mimics the "stringent" state (49) . Interactions between stringent promoters and RNA polymerase are intrinsically unstable, and certain point mutations in the beta subunit of RNA polymerase (RpoB) core transcription complex exacerbate these interactions, thereby mimicking RNA polymerase bound to ppGpp during the stringent response (49) . These "stringent" rpoB alleles reduce initiation at negatively regulated stringent promoters, such as those for rRNA, and increase expression of positively regulated stringent promoters. Therefore, if iraD is regulated by ppGpp, we would expect to see higher levels of expression from the iraD::lux reporter in any one of these stringent rpoB backgrounds.
We obtained one such allele, rpoB3370(T563P) (referred to below as rpoB*), and looked at iraD's expression in that strain background. As expected, iraD::lux CDABE was highly induced, by as much as 4 orders of magnitude, throughout the early, mid, and late exponential growth phases in the rpoB* background relative to wild-type strains, supporting the model that iraD is stringently regulated (Fig. 5A) . Similar induction by rpoB* was seen for fusions carrying either P1 or P2 promoter regions ( Fig. 5D and E) , indicating that both promoters are probably regulated by the stringent response.
Induction of IraD by a stringent RNAP has consequences on RpoS levels. IraD appears a determinant of RpoS levels and stability (29) during normal exponential growth and, as shown here, during the transition to the stationary phase. To determine how much of the stringent response effect on RpoS was mediated through iraD, we examined RpoS steady-state levels and stability by Western blot analysis. Stability could be specifically ascertained by the addition of chloramphenicol to block new synthesis, followed by Western blotting with RpoS antibody. The effect of the rpoB* mutation should increase and/or stabilize RpoS levels through IraD, IraP, and perhaps other antiadaptors (9, 11, 29) .
As expected, there were higher levels of RpoS in the rpoB* strain compared to the control wild-type strain (Fig. 5B and C) . The elevated levels of RpoS protein detected in this strain were iraD dependent; this was apparent even when chloramphenicol was added to prevent new RpoS synthesis, supporting the fact that IraD effects on RpoS are posttranslational. A residual amount of RpoS was stabilized in rpoB* strains compared to wild-type, even after the deletion of iraD, probably (10). DNA damage induction of iraD is not dependent on the stringent response and is mediated by the distal promoter. We showed previously that iraD is highly induced after DNA damage by AZT or oxidative stress and that this induction is independent of the SOS response (29) . To determine a role for (p)ppGpp in this induction, we assayed the iraD::luxCDABE reporter in the absence of (p)ppGpp or dksA. After AZT treatment, iraD::luxCDABE was induced to wild-type levels in (p)ppGpp 0 strains, implying that (p)ppGpp is not necessary for the induction of iraD after DNA damage (Fig. 6A) . In the dksA-null strain, the induction after AZT treatment was higher than that of the wild-type, probably due to the derepression of FIG. 5 . Effects of a stringent rpoB allele on iraD transcription and RpoS levels. (A) iraD::luxCDABE expression from a Ϫ600 to Ϫ1 fusion construct in a "stringent" RNA polymerase mutant. Each data point is an average of three independent determinations. Wild-type and rpoB* represent iraD::luxCDABE expression in the MG1655 and the rpoB* strains, respectively. The variability is shown with error bars in both graphs. RLU, relative luminescence units (bioluminescence counts per minute, normalized to the OD 600 ). (B) Steady-state RpoS levels in MG1655 (Ctrl), rpoB*, and rpoB* iraD double-mutant strains at a growth phase corresponding to an OD 600 of 0.3. (C) RpoS stability in the same strains at the same growth stage, following chloramphenicol treatment to block new protein synthesis. Levels of RpoS are shown at times indicated after chloramphenicol treatment. (D and E) Luciferase expression from promoter fusions to P1 (Ϫ600 to Ϫ375) (D) or P2 (Ϫ262 to Ϫ1) of the iraD upstream region (E). The data represent averages of at least three determinations.
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Since we observed differences in the growth-phase regulation of the two transcripts of iraD, we wondered whether the DNA damage induction was also different between the two promoters. To address this using the luciferase fusion constructs, we looked at induction by AZT and peroxide of either the distal or the proximal promoter regions compared to the wild type. Interestingly, the distal promoter fusion containing the P1 start site showed strong induction with AZT treatment as well as with peroxide treatment, whereas the proximal promoter fusion containing the P2 start site did not (Fig. 6B ). This suggests that, similar to growth-phase regulation, the regulation of iraD expression in response to DNA damage may be predominantly at the distal promoter. The biological readout of iraD expression, accumulation of RpoS after DNA damage and during the transition to stationary phase, therefore appears to correlate with expression from the distal promoter.
The role of the proximal promoter, if any, to iraD expression remains to be determined.
DISCUSSION
Expression of iraD is (p)ppGpp dependent. Expression of iraD, as detected by a luciferase fusion, varies dramatically during the growth of cultures and is induced as cells begin to starve and enter the stationary phase of growth in rich medium. Similar to another antiadaptor, IraP, IraD expression seems to be regulated by (p)ppGpp, the signaling molecule of the stringent response, produced by either RelA and SpoT. In RNA polymerase mutants that mimic the stringent transcriptional state even in the absence of ppGpp production (49) , iraD expression as detected by luciferase fusions was dramatically elevated, particularly in the exponential phase of growth when its levels increased by more than 4 orders of magnitude. In this rpoB* mutant, growth phase effects on iraD expression were minimized, with expression high throughout. This suggests that (p)ppGpp has the potential to modulate IraD not only during the transition to stationary phase, when its levels begin to accumulate, but also very sensitively in the mid-exponential phase of growth, when (p)ppGpp production is presumably low or transient in nature. This regulation by (p)ppGpp may be either direct or indirect via other regulatory factors, although we note that iraD putative promoter P1 has a AT-rich "discriminator" region downstream of the Ϫ10 sequence, a finding consistent with direct positive regulation by ppGpp.
Levels of ppGpp (which predominates over pppGpp) increase in response to a number of cellular stresses, the best studied of which is amino acid starvation, and naturally increase during late stages of exponential growth when nutrients begin to be depleted (reviewed in references 13 and 37). RelA, a ribosome-associated factor, is responsible for (p)ppGpp synthesis during translational stalling that accompanies amino acid starvation; SpoT has been associated with ppGpp synthesis associated with energy stress, such as carbon starvation.
As detected by promoter fusions to the luciferase operon, iraD expression was dependent on (p)ppGpp production during all phases of growth, with a reduction of Ͼ10-fold at the mid-exponential phase of growth and ϳ5-fold in the stationary phase. Surprisingly, the low level of iraD expression seen during exponential phase was reduced by both the loss of RelA and the ppGpp synthetase activity of SpoT (specifically affected by the SpoT E319Q mutation), indicating that both enzymes are required for maximal IraD expression in this growth phase. This is a puzzling result, since SpoT and RelA act independently and respond to different stimuli; this result may be explained by upregulation of SpoT (p)ppGpp hydrolase activity in the spoT(E319Q) mutant, causing a decrease in RelA-dependent (p)ppGpp synthesis in this mutant. In contrast, high levels of expression of iraD as cells were in transition to stationary phase were dependent on (p)ppGpp production by either RelA or SpoT, with a strong reduction seen only in the double mutant strain. Nutrient depletion in rich medium, such as that used in the present study, is likely to involve a complex combination of factors, with contributions to (p)ppGpp production by both RelA and SpoT.
Although both IraP and IraD antiadaptors appear to be regulated by the stringent response, there is a notable differ-ence. The effect of ppGpp on IraP appear to be restricted to an integrated signal with phosphate starvation (10) . In contrast, the effects of the stringent response on iraD appeared to be independent of its induction through DNA damage.
Furthermore, our results show that IraD is a determinant of RpoS levels during the transition to stationary phase, when high levels of (p)ppGpp begin to accumulate. An allele of rpoB, encoding the beta subunit of RNA polymerase, that causes the enzyme to display stringent transcription characteristics (49) constitutively caused a dramatic increase in iraD expression and elevated levels of RpoS levels, partially dependent on IraD. In the absence of IraD, RpoB* mutants had lower levels of RpoS, which were nonetheless stable, suggesting that other antiadaptors, including IraP, may substitute for IraD but with limited capacity relative to IraD.
DksA inhibits IraD expression. DksA, a small transcription factor involved in the stringent response, acted primarily as a negative regulator of iraD through mid-exponential growth, and these effects were diminished in stationary phase. This effect could be direct or indirect.
Surprisingly, we found that, unlike many stringently regulated genes, the regulatory effects of ppGpp and DksA on iraD are opposing: (p)ppGpp is a positive regulator, whereas DksA is a negative regulator of the gene. The opposing and independent relationship between DksA and (p)ppGpp in iraD's regulation is similar to that found in a previous study wherein (p)ppGpp promoted and DksA antagonized cell adhesion, presumably a consequence of effects on fimB expression (2), as cultures entered stationary phase (28) . DksA and (p)ppGpp also have opposing effects on a number of genes, primarily involved in chemotaxis and motility (1). The iraD gene was not found among this set but may have been missed because of growth condition differences or due to difficulty in the detection of the iraD transcript. The mechanism of this antagonistic and (p)ppGpp-independent effect by DksA on some genes appears to be competition with the GreA/B elongation factors (1, 2) .
IraD transcripts. Northern blot analysis confirmed features revealed by the gene fusion studies and presented new complexities. We detected two primary transcripts in wild-type strains: an ϳ500-nt RNA in exponential phase and an 800-nt transcript present in the stationary phase of growth. We mapped the start sites corresponding to these transcripts by sequence analysis and 5Ј RACE at positions Ϫ137 and Ϫ417 relative to the start codon of iraD, which are juxtaposed to identifiable promoter sequences, P2 and P1, respectively. Analyses of these regions fused to luciferase are consistent with these as the two promoters for iraD, with the distal promoter induced strongly during stationary phase.
There are some discrepancies between the full-length fusion reporter and RNA analysis. One difference is that the luciferase fusion exhibited an increase of many orders of magnitude in expression in late exponential phase, whereas the Northern analysis indicates a modest increase in the total RNA levels, with a dramatic increase only in the larger transcript. Reporter fusions suggested that only the distal promoter, P1, contributed to late-exponential-phase induction of iraD. This suggests that the larger 800-nt transcript emanating from P1 has properties that improve the elongation, stability, or translatability of the mRNA as reflected in luciferase production. This property of the larger transcript is also apparent in the partial fusion reporter containing the distal promoter P1 compared to the proximal promoter P2.
A need for posttranscriptional activation of the P2 transcript could explain a number of the observed discrepancies between the reporter data and Northern blots. This includes reduction of transcript levels by RelA, but with no reduction in expression detected by the P2 luciferase reporter construct. An additional mode of regulation of iraD in the exponential phase could promote a rapid, sensitive, and potentially transient activation during this growth phase.
Our results suggest that the growth-phase regulation of iraD is mediated by a combination of (p)ppGpp-dependent positive regulation and DksA-dependent negative regulation and possibly other factors. Even in (p)ppGpp 0 strains, iraD expression, as detected by the reporter fusions, was growth phase dependent, indicating potentially an additional mode of growth regulation. Both P1 and P2 transcripts were positively regulated by (p)ppGpp, although the small transcript became (p)ppGpp independent during the stationary phase. The small transcript required RelA predominantly during exponential growth, whereas the larger requires either RelA or SpoT during the transition to stationary phase. This suggests that (p)ppGpp production is primarily RelA dependent in growing cells but switches to more balanced production by both RelA and SpoT in the late exponential phase. Both transcripts were repressed by DksA, with higher levels in dksA mutants. Again, as with (p)ppGpp, the smaller transcript became resistant to DksA effects during the stationary phase, indicating a switch in its regulation.
Connection between stringent response and RpoS through IraD. We observed IraD-dependent stabilization of RpoS during normal growth and in stringent-mimic RpoB* cells. The accumulation of RpoS as cells enter the stationary phase was primarily dependent on IraD. A previous report (12) did not detect stabilization of RpoS during accumulation of (p)ppGpp, although we note that this latter experiment was performed with different growth conditions (minimal versus rich medium growth), and the reported RpoS half-life was much longer than what we observed (5 min versus Ͻ1 min). RpoS accumulation with (p)ppGpp may involve a number of influences, including both increases in translational efficiency, as suggested in the previous study, and protein stability, as suggested by our study. The only known biochemical function of IraD is to bind the adaptor RssB that targets RpoS for proteolysis by ClpXP (9); however, it is also conceivable that IraD either directly or indirectly affects other factors that influence RpoS levels.
Both RpoS and (p)ppGpp lead to major changes in gene expression in response to cellular stress and different growth conditions. These two systems may be connected through the regulation of RpoS at many levels, including transcriptional, translational, and protein stability. Our results raise the possibility that (p)ppGpp may regulate RpoS, at least in part, through effects on expression of the stabilizing factor, IraD.
